Context: Although sex hormone-binding globulin (SHBG) and testosterone (T) have been inversely associated with risk of diabetes, few studies have examined dihydrotestosterone (DHT), a more potent androgen than T, in older adults, whose glycemic pathophysiology differs from younger adults.
M uch like the epidemic of diabetes in younger populations, both the incidence and prevalence of diabetes have risen in older adults in recent years (1) . Despite this growing problem, potential causes and mechanisms of diabetes have yet to be fully elucidated.
Recently, interest has grown in the relationship between sex steroid hormone levels and diabetes. To date, several studies have looked at sex hormonebinding globulin (SHBG), a circulating binding protein produced by the liver that has binding sites for sex steroid hormones, including testosterone (T), dihydrotestosterone (DHT), and estradiol, in both men and women. For example, the Massachusetts Male Aging Study, a sample of 1156 men aged 40 to 70 years, found odds ratios for incident diabetes of 1.58 for a 1 standard deviation decrease in free (unbound) T (4 ng/dL) and 1.89 for SHBG (16 nmol/L) (2) . Similarly, in middle-aged Finnish men, the lowest quartiles of total T, free T, and SHBG were associated with odds ratios of 2.3, 1.7, and 4.3, respectively, for developing diabetes (3) . In a nested case-control study from the Multiple Risk Factor Intervention Trial studying men aged 35 to 57 years, lower levels of total and free T and SHBG were significantly associated with incident diabetes; however, these associations were weakened with adjustment for initial glucose and body mass index (BMI) (4) .
Despite this reasonably consistent evidence on SHBG and T, few studies have examined DHT, which is produced from conversion of T by 5-a-reductase and a more potent androgen than T. This partly reflects difficulty in measuring DHT levels, which are approximately 10-fold lower than circulating T levels. Furthermore, most studies have focused on middle-aged adults, with limited data on older adults. Because younger and older adults differ in their pathophysiologic risk factors for diabetes, risk factors for younger and middle-aged adults may differ in their associations with diabetes in older adults (5) (6) (7) (8) (9) (10) (11) .
In our previous analyses of older men free of cardiovascular disease (CVD) in the Cardiovascular Health Study (CHS), total and free T were not associated with incident CVD or all-cause mortality, whereas total DHT and calculated free DHT had nonlinear associations with both outcomes, suggesting that DHT-as a more potent androgen than T-may have particularly strong associations with outcomes (12) . Therefore, we studied the relationships between T, SHBG, and DHT with incident risk of diabetes in older men. Based on previous studies, we hypothesized that higher levels of these androgens would be associated with less insulin resistance and lower risk of diabetes (13-16).
Methods

Participants
The CHS is a multicenter, longitudinal study that began in 1989 to examine risk factors for CVD (including diabetes) in older adults (17) . Participants were recruited from 4 sites (Forsyth County, North Carolina; Sacramento County, California; Washington County, Maryland; and Allegheny County, Pennsylvania). Requirements for eligibility included age $65, being noninstitutionalized, and expecting to stay in the area for at least 3 years. In 1989 to 1990, 5201 participants enrolled, and in 1992 to 1993, 687 additional African Americans were recruited into the study. Clinic examinations alternated with telephone calls every 6 months for the first 10 years; apart from a clinic visit in 2005, telephone calls were continued semiannually thereafter. The study sample consisted of men participating in the CHS 1994 clinical examination who had no history of CVD (myocardial infarction, coronary artery bypass grafting, percutaneous coronary intervention, heart failure, or stroke) and no history of diabetes or insulin resistance at that visit. The study was approved by institutional review boards at each field center and the CHS Coordinating Center. All participants provided written informed consent.
Hormone levels and assays
Blood work for these analyses was drawn from nonfasting men at the 1994 CHS annual clinic examination. The time of day of collection was not reliably recorded; however, most samples were collected before 12:00 PM. The frozen serum samples were then transported to the CHS Central Laboratory in Vermont, where they were stored at 270°C. In 2010, frozen samples were shipped on dry ice to the VA Puget Sound Health Care System (A.M.M.) for androgen assays.
All assays were conducted in duplicate, and the average value was used in these analyses. Total T and DHT were measured simultaneously using a liquid chromatography-tandem mass spectrometry assay (18) . The lower limit of detection for total T was 1.0 ng/dL, with an intra-assay coefficient of variation (CV) of 4.9% and an interassay CV of 5.1%. The CDC Hormone Standardization Program certified the assay. The lower limit of detection for DHT was 0.02 ng/mL, with an intra-assay CV of 5.9% and an interassay CV of 6.2%. SHBG was assayed using a commercial radioimmunoassay kit with a time-resolved fluoroimmunoassay (Delfia; Perkin Elmer, Norton, OH). The lower limit of detection for SHBG was 0.5 nmol/L, with an intra-assay CV of 1.4% and an interassay CV of 6.6% at 31 nmol/L.
We calculated free T by the Mazer method (19) . We used the Mazer formula because it allowed calculation of both free T and free DHT. In a sample of 74 participants who had longitudinal serum samples available from 1989, 1994, and 1996, the intraclass correlation coefficients for 3 hormone measures over a 7-year period were 0.82 for total T and 0.79 for total DHT, confirming their stability over time.
Outcomes
Our primary outcomes were incident diabetes and insulin resistance. Diabetes was ascertained using fasting glucose measurements, incident use of hypoglycemic medications, and Medicare claims data for inpatient (hospital, skilled nursing facility, or home health) and outpatient (outpatient or carrier) health care services. Glucose was measured on blood samples drawn in 1994 (nonfasting), 1996, 1998, and 2005, and a diagnosis of diabetes was given for fasting levels .125 mg/dL or nonfasting levels .199 mg/dL. Medications were reviewed at yearly visits (by telephone or in person), and those using hypoglycemic medications were also deemed to have diabetes (20) . Finally, Medicare claims were reviewed for billing codes for diabetes (International Classification of Diseases, Ninth Revision 250.xx); a diagnosis of diabetes required at least 2 inpatient or 3 outpatient or ($1 inpatient and $1 outpatient) Medicare claims during a 2-year time period, which provides a positive predictive value of~90% in the CHS based on fasting glucose measurements conducted in 1992.
For measurement of insulin resistance, we used data collected at the 1996 CHS visit, at which measures of glucose and insulin were available in both the fasting state and 2 hours after a 75-g oral glucose tolerance test. We estimated insulin resistance with both Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) (21) , which relies on fasting measures, and the Gutt index (22), which also includes postload measures.
Covariates
Methods for data collection and protocols have been previously documented (12) . The covariates were determined by known risk factors for diabetes. Most covariates, including site, age, sex, alcohol consumption, smoking status, weight, and waist circumference, were measured at the 1994 visit. Some covariates, including height, lipids, and estimated glomerular filtration rate-cystatin, were measured at the 1992 visit.
Statistical analysis
We provide descriptive characteristics according to tertiles of total DHT with corresponding tests of trend and Spearman correlation coefficients among all measured and calculated androgens (Supplemental Table 1 ). To determine the association of androgens with insulin resistance and sensitivity, we used linear regression models adjusting initially for age, sex, race, clinic site, alcohol consumption, current smoking, and BMI and then mutually adjusted for other hormones. In most cases, we present results for SHBG, free T, and total DHT; we also examined total T and free DHT in sensitivity analyses. We explored the functional form for all 3 androgens using general additive model plots; in all cases, transformation to the log 2 appeared reasonably linear, and we therefore present increases or decreases in HOMA-IR or the Gutt index per doubling of each androgen.
We used the Cox proportional hazards model to evaluate the association of androgens with incident diabetes. We present adjusted hazard ratios and 95% confidence intervals using models adjusted for the same covariates as in the linear regression models previously described. To ensure the robustness of our results, we also tested further adjustment for waist circumference, lipids, and estimated glomerular filtration rate-cystatin.
Where androgens were associated with risk of diabetes, we tested for interactions with multiplicative cross-product terms by age (dichotomized at age 75 years), race, and BMI (dichotomized at 25 kg/m 2 ); where interactions were present, we conducted stratified analyses as previously mentioned.
Results
Baseline characteristics
Of the 1922 men who attended the 1994 CHS visit, we excluded 794 with prevalent CVD, 200 with prevalent diabetes, 69 with unknown diabetes status, and 7 without follow-up beyond 1994, leaving 852 men in the analytic sample. Table 1 presents the characteristics of these participants according to tertiles of total DHT. As expected, BMI levels were lower among individuals with higher levels of total DHT, with little difference by age, race, or health status. We observed the expected positive correlations of total androgens with each other and with SHBG (Supplemental Table 1 ).
Androgens and insulin sensitivity/prevalent insulin resistance
In Fig. 1 , we present the associations of SHBG, free T, and total DHT with HOMA-IR and the Gutt index of insulin sensitivity. Free T was not associated with either index in any of the models (P $ 0.33).
Both SHBG and total DHT were inversely associated with HOMA-IR when adjusted for demographics, alcohol consumption, smoking status, and BMI (P = 0.01 for both). With further adjustment for each other, the coefficient for total DHT was virtually unchanged but estimated less precisely with wider confidence intervals (P = 0.08). In contrast, the association with SHBG was attenuated by approximately one-third (P = 0.11).
These findings were similar but not identical for Guttestimated insulin sensitivity, which was estimated in~120 fewer individuals. SHBG was associated with better insulin sensitivity, both initially (P = 0.01) and with mutual adjustment (P = 0.05). Total DHT was associated only with a trend toward better insulin sensitivity initially (P = 0.12) and was attenuated by~60% with mutual adjustment (P = 0.69) in this subset of participants. The significant association of total DHT with HOMA-IR persisted even when restricted to the smaller subset of participants with available Gutt measurements.
Androgens and incident diabetes
Over a median of 9.8 years, we ascertained 112 incident cases of diabetes, representing 13.86 cases per 1,000 person years. Table 2 provides adjusted hazard ratios for risk of incident diabetes per doubling of each androgen. As with insulin resistance, we observed no statistically significant relationship between free T levels and risk of diabetes in any model. Total T was also examined in sensitivity analyses and was not associated with risk of diabetes (Supplemental Table 2 ).
Concordant with our results on insulin resistance, higher total DHT was strongly associated with 21% lower risk of diabetes in initial models (P = 0.009). Further adjustment for waist circumference, lipids, and kidney function did not meaningfully attenuate this result (adjusted hazard ratio, 0.82; 95% confidence interval, 0.68 to 0.98; P = 0.03). Similarly, adjustment for other hormones did not attenuate the association (P = 0.01). Analysis of free DHT yielded similar results, showing an association between higher levels of free DHT and lower risk of diabetes even with adjustment for waist circumference, lipids, and kidney function (Supplemental Table 2 ). In contrast with both total and free DHT, SHBG was not associated with significantly lower risk of diabetes in initial models (P = 0.46) or with adjustment for other androgens (P = 0.66).
Given the inverse association of total DHT with risk of diabetes, we examined interaction with age, BMI, and race. Although we observed no interaction with age and race (data not shown), there was a borderline interaction with BMI .25 kg/m 2 (P = 0.04). Among men with lower BMI, total DHT was unassociated with risk (adjusted hazard ratio, 1.08; 95% confidence interval, 0.72 to 1.62; P = 0.72). Among overweight and obese men, total DHT was particularly strongly associated with lower risk Variables are shown as mean 6 SD or as otherwise indicated.
Abbreviation: eGFR-cystatin, estimated glomerular filtration rate by cystatin. a Calculated. (adjusted hazard ratio, 0.69; 95% confidence interval, 0.57 to 0.85; P , 0.001).
Discussion
In this cohort of older men free of CVD and diabetes, baseline levels of DHT were strongly associated with lower risk of diabetes and with less insulin resistance by HOMA-IR. In contrast, we found no statistically significant relationship of SHBG levels or T levels with risk of diabetes in this cohort.
To our knowledge, this is the first study showing an association between low levels of DHT and risk of developing diabetes, in part because of the technical difficulty of measuring the relatively low levels of DHT in circulation. In contrast with most previous studies, our cohort excluded men with known CVD. Despite this, overall, our results are consistent with previous literature showing a relationship between DHT and insulin resistance (23). Mather et al. (23) found an inverse association between both T and DHT and fasting glucose levels in middle-aged men. Furthermore, Vandenput et al. (15) demonstrated that DHT levels were negatively associated with insulin resistance and fat mass in an elderly male cohort. Of note, the 5a-reductase 1 and 2 inhibitor dutasteride increases hepatic insulin resistance and hepatic lipid accumulation, strongly implicating low DHT as a causal risk factor for diabetes (24) .
Although our results show an inverse relationship with DHT levels and insulin resistance based on HOMA-IR modeling, we did not observe a statistically significant association between higher levels of DHT and better insulin sensitivity based on the Gutt model. In our Gutt model, higher DHT exhibited a slight trend toward better insulin sensitivity that was further attenuated when adjusted for the other hormones. This may reflect the play of chance among the smaller cohort used for Gutt modeling (n = 670 for Gutt vs n = 791 for HOMA-IR). Alternatively, DHT may affect hepatic insulin resistance (as reflected in HOMA-IR) to a greater degree than peripheral insulin sensitivity (as reflected in the Gutt index). The effect of complete 5a-reductase inhibition on hepatic insulin resistance concords with this hypothesis. Regardless of the mechanism, DHT was clearly and strongly associated with lower risk of incident diabetes.
Previous work regarding associations between SHBG with insulin resistance and risk of developing diabetes has been inconsistent. For example, some studies have shown an association between low SHBG and increased risk of diabetes (16) , whereas others have not (23) . Notably, we did observe an association between low SHBG levels and increased insulin resistance; however, this did not extend to the relationship between low SHBG levels and risk of diabetes.
Interestingly, we were unable to show an association between T levels and risk of diabetes or insulin resistance. This result is consistent with some previous data, such as Vandenput et al. (15) . On the other hand, other previous work, including National Health and Nutrition Examination Survey III (25) , has found an association in the general male population between low levels of free T and diabetes. Because DHT was not measured in most studies of T itself, and given the correlation of DHT with T, our results suggest that the observed relationship of T with glycemia in previous studies (at least in older men) may reflect DHT rather than T per se.
Several mechanisms have been proposed to explain the links between androgens and both insulin resistance and diabetes. For example, Vandenput et al. (15) clearly showed an association between both DHT and T with fat mass in both young male and elderly male cohorts. Experimental studies in male mice lacking the androgen receptor support a role for androgens in late-life fat accumulation (26) . Together, these data suggest that androgens reduce fat mass; thus, higher levels of androgens protect against insulin resistance and reduce risk of diabetes. On the other hand, studies such as National Health and Nutrition Examination Survey III and ours have associated androgens with lower risk of diabetes independent of adiposity, implying that androgens may independently influence insulin resistance (25) . Other potential mechanisms include effects of androgen on skeletal muscle insulin resistance, b-cell function, or central energy regulation (27) . Further studies are necessary to clarify this relationship and the mechanisms by which androgens may prevent diabetes. Although this study shows an inverse association between DHT and risk of developing diabetes, we acknowledge several limitations. Our data come from an elderly male cohort and thus may not generalize to a younger male population; strong evidence also suggests that androgens have different effects on glucose metabolism in men and women (28) . Further, there is a growing body of evidence that estrogen levels also impact insulin resistance, and our study lacks data regarding estrogen levels. Our DHT levels are limited to 1 sample draw and, given diurnal variations, would have been strengthened by multiple timed draws within a given day or repeated over time. Moreover, time of day for blood collection was not recorded; however, most samples (65%) were collected before 12:00 PM and were likely fasting. The lack of a standardized blood sampling time may introduce nondifferential measurement error that could bias the results toward the null. However, the circadian fluctuation in T levels is blunted in older men, and DHT levels do not exhibit significant circadian variation (29) .
In this study of older men, we found a clear association of low DHT levels with higher insulin resistance and higher risk of diabetes. This negative association remained even after adjusting for covariates known to contribute to diabetes risk and modifiers such as binding proteins (SHBG). More research is needed to further elucidate the mechanisms by which DHT may be modifying diabetes risk and implications for potential androgen therapy.
